A photochemical modification of melt-extruded polymeric nanofibers is described. A bioorthogonal functional group is used to decorate fibers made exclusively from commodity polymers, covalently attach fluorophores and peptides, and direct cell growth. Our process begins by using a layered coextrusion method, where poly(ε-caprolactone) (PCL) nanofibers are incorporated within a macroscopic poly(ethylene oxide) (PEO) tape through a series of die multipliers within the extrusion line. The PEO layer is then removed with a water wash to yield rectangular PCL nanofibers with controlled cross-sectional dimensions. The fibers can be subsequently modified using photochemistry to yield a "clickable" handle for performing the copper-catalyzed azide−alkyne cycloaddition (CuAAC) reaction on their surface. We have attached fluorophores, which exhibit dense surface coverage when using ligand-accelerated CuAAC reaction conditions. In addition, an RGD peptide motif was coupled to the surface of the fibers. Subsequent cell-based studies have shown that the RGD peptide is biologically accessible at the surface, leading to increased cellular adhesion and spreading versus PCL control surfaces. This functionalized coextruded fiber has the advantages of modularity and scalability, opening a potentially new avenue for biomaterials fabrication.
P olymeric materials have become ubiquitous in regenerative medicine as scaffolds for cell-seeding, where they have found application in the induction of cellular adhesion, proliferation, and differentiation. 1−4 Nanofibrous scaffolds are of particular use as they are porous, allowing transport of nutrients and waste products, have high surface area to volume ratios, and can provide directed cell growth based on fiber alignment. 2,5−9 Primarily polymeric nanofibers are fabricated by electrospinning, yielding submicrometer fibers from a diverse range of polymeric materials. 10−14 Such systems have been used in regenerative medicine, but also in fields as diverse as nanocomposite materials, simulated cancer environments, filtration membranes, and semiconductors, among many others. 15−19 Synthetic fibers for regenerative medicine are often composed of polyesters, usually poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), or poly(ε-caprolactone) (PCL), 11, 20, 21 due to their degradability via hydrolytic pathways and resultant nontoxic byproducts. However, most polymeric scaffolds are unable to promote biological effects, as synthetic polymers do not possess the biochemical cues that are necessary to impact a cell's fate.
Modification of polyester fibers typically relies on the degradation of the polymer chains, either through hydrolysis to expose carboxylic acids and alcohols 20 or through aminolysis to expose a secondary functional group off of the amine. 22, 23 Both of these routes induce polymer degradation, potentially resulting in reduced mechanical properties and increased erosion of the fibers. Recent work has aimed to ameliorate degradative functionalization through the synthesis of reactive telechelic polymers. These polymers could be processed into a scaffold and then chemically modified. Becker and co-workers have introduced both a strained alkyne for copper-free "click" chemistry 24−26 or an azide 27 for traditional copper-catalyzed azide−alkyne cycloaddition chemistry (CuAAC) prior to processing of the polymers into fibers. These polymers were processed via electrospinning and could then be decorated using peptides, fluorophores, and gold nanoparticles. However, we aimed to use commodity polymers (i.e., PCL) in a continuous extrusion process to fabricate nanofibers, which can then be nondestructively modified after processing. This strategy is pursued to exploit the scalability of the processing technique using solely commercially available polymers, PCL and poly(ethylene oxide) (PEO), to form the fibrous scaffold. The process is solvent-free and therefore has reduced cost and toxicity compared to conventional solvent-based processing techniques, such as electrospinning. Our technique only uses polymers commonly used in FDA-approved applications during processing, making it ideal for biological applications. The fabrication procedure adopted here is inherently flexible because the extrusion line is composed of several basic configurable units, the multipliers. Arrangement of these multipliers allows control over the number and composition, as well as the dimensions, of fibers. The rectangular cross-section of the extruded nanofibers creates higher surface area to volume ratios when compared to cylindrical fibers. The increased surface area should allow for a higher concentration of surface modifications to be available on the fiber, potentially improving the display of biochemical cues. Additionally, this technique is extremely versatile, allowing processing of other biologically relevant polymers (i.e., PLA or PLGA), assuming that a viscosity match can be found between these other polyesters and PEO.
In this work, we used a commercially relevant polymer processing technique, melt coextrusion, in conjunction with a modular chemistry to yield polyester nanofibers with pendant surface functionality. The coextrusion process has been recently reported and will be briefly described here. 28 The processing method makes use of the coextrusion of PCL and PEO through a series of die multipliers to form a tape composed of PCL nanofibers arranged and embedded in a PEO matrix. PCL and PEO are melt-pumped and layered on top of one another in the extrusion line ( Figure 1 ). From here a vertical multiplier is used to rearrange the extrudate to yield a vertical-bilayered structure (step A). This initial layering process is then followed by a series of vertical multiplications. Each of the multipliers cuts the flow horizontally, and these two flows are redirected and recombined side-by-side. Finally, the multiplier expands the two flow fields in the vertical direction while compressing them horizontally to double the number of vertical layers. This process is repeated eight times to yield a vertically aligned, layered flow composed of 1024 alternating PCL (512 layers) and PEO (512 layers) layers (step B). The tape is then combined with two surface layers of PEO on the top and bottom (step C) and is extruded through a horizontal multiplier, which has an identical structural design as the vertical multiplier, but is assembled in the extrusion line rotated 90°. In each horizontal multiplication, the melt flow is split vertically, and the two flow fields are stacked with one side on top of the other (2×) to yield PCL nanofibers embedded in a PEO tape. This procedure is repeated one additional time, producing an extrudate tape containing 512 PCL nanodomains embedded in a PEO matrix (step D). Typically, we are able to process 3 pounds of polymer per hour into the PCL/PEO composite tape; this is far in excess of laboratory-scale electrospinning setups (mL/h) and also in excess of industrial electrospinning instruments, whose reported yields are ∼0.4 lbs/h. 29 The PEO in the tape can be removed by dissolution in a water bath (24 h) or by using a high pressure water jet (5 min) to produce a PCL nanofiber matrix. A scanning electron micrograph (SEM) of the PCL fibers after the dissolving procedure shows fibers displaying cross-sectional dimensions of approximately 620 ± 130 nm by 4.39 ± 1.3 μm (Figures 1 and S1), as determined by statistical analysis of the length and width dimensions via SEM. Hence, the extruded fibers have ribbonlike morphology rather than traditional cylindrical fibers. Both dissolution in water and the jet procedure produce fibers that are of identical dimensions and morphology via SEM. The dimensions and porosity of these fibers can be controlled via uniaxial orientation or through a rearrangement of the multipliers to further decrease the cross-sectional dimensions, although the focus of this study is the chemical modification of the PCL fibers. After removal of the PEO matrix, <1% of PEO remained, as determined by NMR and DSC (Supporting Information), yielding PCL nanofibers.
Once the PCL fibers were extruded and separated, pendant functionality was introduced via a modular surface modification approach. A number of papers have focused on the aminolysis of polyester fibers, in which a bifunctional amine is used to introduce a reactive group for further derivatization. 22, 23 In the case of the extruded nanofibers, prepared as described, the aminolysis reaction using either propargylamine or hexamethylene diamine showed minimal surface modification under mild reaction conditions. Rather than pursuing forcing reaction conditions with excess amine or heating, an alternate route was chosen, which minimizes degradation of the polymer chains within the fibers. As such, a photochemical radical reaction was employed to perform a C−H bond insertion into the backbone of the PCL polymer chains (Scheme 1). Benzophenone is commonly used to perform photochemical C−H insertions and has been previously used to modify PCL surfaces. 30, 31 The reported modification technique could be easily transitioned to modify other biologically relevant polymers. Propargyl benzophenone (PrBz) was prepared in high yield by reacting 4-hydroxyl benzophenone with propargyl bromide under basic conditions. 32 PCL fibers were immersed in a concentrated solution of propargyl benzophenone in methanol and allowed to dry, irradiated via UV (33.2 mW/cm 2 , 30 min on each side, 320−500 nm), and washed with methanol to yield alkynedecorated PCL nanofibers. The surface-presented propargyl groups could then be used in the CuAAC reaction to decorate the fiber with any azide containing molecule. To investigate the UV degradation of PCL fibers after modification, we compared the molecular weight and mechanical properties of as-extruded PCL fibers and PCL-alkyne after irradiation with UV light. Gel permeation chromatrography indicates that before and after UV treatment, the molecular weight and dispersity of PCL are essentially identical ( Figure S4 ). Additionally, tensile testing was performed to determine the mechanical properties of the fiber after irradiation. The results indicate that fibers before and after photochemical modification have similar moduli and tensile strength ( Figure S5) .
To probe the CuAAC chemistry, we first modified the PCLalkyne fibers with an azide containing fluorescent dye, AzideFluor488 (AF 488 ). The fibers were modified using aqueous conditions optimized for the ligand-accelerated CuAAC reaction, using tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) as the ligand to accelerate the reaction. 33−35 After the CuAAC reaction, upon visual inspection, the fibers were noticeably red after using standard reaction conditions. In the absence of copper, there was no visible change that could be attributed to a hydrophobic physical adsorption of the dye onto the fiber. To further investigate the surface coverage of the PCL fibers, confocal fluorescence microscopy was used to qualitatively and quantitatively evaluate fluorescence intensity of the fibers. As observed in the absence of the copper catalyst, negligible fluorescence is visible in the micrograph (Figure 2A) , indicating that little dye nonspecifically adsorbs to the extruded PCL fiber bundle. However, in the presence of copper, a significant fluorescent signal appears in the micrograph, indicating that the chemistry is specific, rather than simple adsorption ( Figure 2B ). When fluorescence intensity was quantified, modified fibers showed approximately two orders of magnitude higher fluorescence intensity relative to control fibers ( Figure 2C) . In order to affect biological outcomes, it is necessary that a significant surface coverage of the fibers be attained. To quantify this, we determined both the total dye loading of the fibers in conjunction with surface area measurements. Multipoint Brunauer−Emmett−Teller (BET) measurements were used to determine the surface area of the extruded fibers, 36 and UV−visible measurements were used to quantify dye loading. The BET technique relies on the surface adsorption of gas molecules; the total mass of the gas adsorbed allows one to calculate the area of the surface. BET measurements were carried out using krypton gas, revealing a surface area of 41.2 cm 2 /mg of fiber. For comparison, we fabricated electrospun PCL fibers with fiber dimensions of ∼2 μm, averaging the width and thickness dimensions of the extruded nanofibers. BET measurements were conducted on the electrospun fibers, where the surface area was 6.0 cm 2 /mg, leaving the extruded rectangular fibers approximately 1 order of magnitude higher in surface area than their cylindrical counterparts. This high surface area can be attributed to the rectangular geometry of the extruded fiber as compared to an electrospun cylindrical fiber. Once the surface area was determined, the PCL fibers were labeled with AF 488 , as described. The fibers were dissolved in dichloromethane, and the absorbance at 501 nm was compared to a standard curve of AF 488 to determine total surface loading of the fibers. The PCL-AF 488 fibers were decorated with approximately 15.5 nmol/mg of fiber, resulting in a surface coverage of 0.38 nmol/cm 2 . This level of surface coverage gives strong indications that sufficient densities would be obtained for biological relevance, providing that bioactive cues are available to interact with the surface of cells.
The surface coverage of the fibers is of particular importance as a scaffold for regenerative medicine. A common peptide, and one we employed here, is the RGD motif. RGD sequences bind to integrin receptors and, when immobilized on a surface, can lead to cell adhesion and spreading, a key feature for tissue engineering scaffolds. Previous work showed that low pM/cm 2 surface coverages of RGD peptides on polymeric surfaces were sufficient to promote cell adhesion. 1, 37, 38 The concentrations on the PCL nanofibers are three orders of magnitude higher than those necessary for adhesion, representing a viable scaffold to present biochemical cues and for cell-seeding. Therefore, we sought to adhere an RGD peptide to promote cellular adhesion onto the PCL fiber scaffold. We first synthesized an RGD peptide with an N-terminal azide group (N 3 -GRGDSPDG), 39 for attachment to the propargyl PCL fiber. The RGD peptide motif was chosen for its ability to promote adhesion through the interaction with cell surface integrin receptors, as is known to occur with NIH3T3 fibroblasts, a common model for cellseeding in regenerative medicine. 40, 41 The same scheme of photochemical attachment of propargyl-benzophenone followed by CuAAC reaction was used to introduce the RGDazide onto the surface of the PCL fibers. The attachment of the azido-peptide was confirmed via X-ray photoelectron spectroscopy (XPS), where the modified fiber showed a significant nitrogen peak (N 1s ), as would be expected for peptide-modified fibers. In the control experiments, no nitrogen peak was observed upon analysis of the PCL or PCL-benzophenone surfaces ( Figure 3B ). XPS surface analysis indicated an approximate surface coverage of 2% by mass, consistent with our results using the fluorescent azide.
PCL-RGD nanofibers were used as a cell seeding scaffold that would be able to promote adhesion, growth, and proliferation of NIH3T3 fibroblasts. Both PCL and PCL-RGD extruded fibers were immobilized on a glass slide, and NIH3T3 cells were deposited onto the fiber. Following 72 h of incubation, cells were fixed, permeabilized, and stained using actin green and 4′,6-diamidino-2-phenylindole (DAPI). The slides were visualized via fluorescence confocal microscopy (Figure 3 ). The actin stain is shown in green and is based on a fluorescently labeled phalloidin, which binds to actin filaments in the cells allowing visualization of the cytoskeleton. DAPI is seen in blue and indicates staining of the cell nuclei. After 72 h, a much greater portion of the cells adhered to the fibers, as visualized by confocal microscopy. Additionally, the RGDimmobilized fibers provided enhanced cell spreading, as visualized by the actin filaments within the cells. At 72 h postseeding, the cells became elongated along the axis of the fiber, and a clear enhancement of cell density was observed by inspection of confocal micrographs (Figure 3C,D) . In comparison, the unmodified PCL fibers showed very little adhesion and spreading after 72 h. To quantify viability of the cells on the modified and unmodified PCL fiber scaffold, an MTT assay was used.
After 72 h of incubation, the fibers were removed from the slides and immersed in MTT containing media. The PCL-RGD fibers showed an approximate increase of 60% cell viability ( Figure S6 ) relative to the PCL fibers alone after 72 h of incubation. These results indicates that the PCL-RGD fibers maintained the biological activity of the peptide in sufficient concentrations to promote adhesion, elongation, and proliferation. In addition, the cells spread along the axis of the fibers, indicating cellular orientation. While SEM images show microscopic entanglement of the fibers, macroscopically there is enough alignment to promote directed cell growth.
In summary, we report the chemical modification of a continuously processed nanofibrous biomaterial comprised solely from commodity polymers. The processing technique is solvent free, scalable, uses polymers that have many FDAapproved applications and allows for the simple tuning of crosssectional dimensions of the fiber. To convert this scaffold into a biological material, we utilized photochemistry to introduce an alkyne onto the surface of the fibers. This functional group allows for the modular synthesis of a host of chemically derivatized fibers by employing the CuAAC reaction. A densely covered surface was obtained using this technique, and more importantly, the biological activity of the RGD peptide remained intact, promoting cellular adhesion and spreading. In the future, we plan to further increase the chemical complexity of these nanofibrous PCL mats as tissue engineering scaffolds.
■ ASSOCIATED CONTENT
